We present an investigation about the shape of the initial mass function (IMF) of early-type galaxies (ETGs), based on a joint lensing and dynamical analysis, and on stellar population synthesis models, for a sample of 55 lens ETGs identified by the Sloan Lens ACS (SLACS) Survey. We construct axisymmetric dynamical models based on the Jeans equations which allow for orbital anisotropy and include a dark matter halo. The models reproduce in detail the observed HST photometry and are constrained by the total projected mass within the Einstein radius and the stellar velocity dispersion (σ) within the SDSS fibers. Comparing the dynamically-derived stellar mass-to-light ratios (M * /L) dyn , obtained for an assumed halo slope ρ h ∝ r −1 , to the stellar population ones (M * /L) Salp , derived from full-spectrum fitting and assuming a Salpeter IMF, we infer the mass normalization of the IMF. Our results confirm the previous analysis by the SLACS team that the mass normalization of the IMF of high σ galaxies is consistent on average with a Salpeter slope. Our study allows for a fully consistent study of the trend between IMF and σ for both the SLACS and ATLAS 3D samples, which explore quite different σ ranges. The two samples are highly complementary, the first being essentially σ selected, and the latter volume-limited and nearly mass selected. We find that the two samples merge smoothly into a single trend of the form log α = (0.38 ± 0.04) × log(σ e /200 km s −1 ) + (−0.06 ± 0.01), where α = (M * /L) dyn /(M * /L) Salp and σ e is the luminosity averaged σ within one effective radius R e . This is consistent with a systematic variation of the IMF normalization from Kroupa to Salpeter in the interval σ e ≈ 90 − 270 km s −1 .
INTRODUCTION
The stellar initial mass function (IMF) describes the mass distribution of the stellar population originated in a single star formation burst, at the time of birth. It gives us information about the relative importance of low and high mass stars, hence its form directly affects the amount of stellar ejecta and their chemical composition, the mass distribution of stellar remnants, and the stellar mass-to-light ratio of the population. The study of the shape of the IMF also gives us direct insights into the physics of star formation, and it is crucial for the estimate of galaxy stellar masses starting from the observed luminosity. Thus the knowledge of the IMF is fundamental in many fields of astrophysics that study the formation and evolution of stellar systems. Several direct measurements of star counts of resolved stellar E-mail: silvia.posacki@unibo.it populations in the solar neighbourhood have shown that the IMF can be parametrized by a power law mass distribution dN/dM ∝ M −s , characterized by a Salpeter (1955) slope s 2.35 for M 0.5M , and by a change toward flatter slopes for M 0.5M (Kroupa 2001; Chabrier 2003) . This holds in different environments throughout the Milky Way (Kroupa 2002; Bastian et al. 2010) , but whether this is true for all galaxies is still ongoing debate. Stellar counts down to very low stellar masses (i.e., in the mass range of major uncertainty given the intrinsic difficulty of measurements) is not feasible in distant external galaxies, so that, in order to study the extragalactic IMF, people use alternative methods based, for example, on ionized gas emission, redshift evolution of the tilt and normalization of the Fundamental Plane, strength of IMF-sensitive spectral features, gas kinematics, gravitational lensing and stellar dynamics (see Cappellari et al. 2013a for a more detailed review). Among these indirect methods, it is widely used to constrain the IMF shape by estimating galaxy stellar masses from dynamical models and comparing them with the predictions of stellar population synthesis models, that rely on an assumed IMF shape. Note that this method does not directly measure the shape of the IMF, but its overall mass normalization: each IMF shape results in a different M * /L, that is converted in a different stellar mass, once the luminosity is measured. In the last decade a number of works based on this method have agreed that spiral galaxies are inconsistent with a Salpeter normalization over the whole mass range, and that they need a lighter overall normalization similar to Kroupa or Chabrier, like the Milky Way (Bell & de Jong 2001; Kassin et al. 2006; Bershady et al. 2011; Brewer et al. 2012) . The same result also appears to be valid for at least some ETGs (Cappellari et al. 2006; Ferreras et al. 2008; Dutton et al. 2011; Thomas et al. 2011; Brewer et al. 2014; Zepf et al. 2014) , thus showing no evidence of a departure from a universal stellar IMF.
In contrast, however, there are numerous works carried out on ETG samples that point out evidences of a dynamical mass excess over the predictions of stellar population models with fixed IMF. This excess increases with galaxy mass and it can be explained either (i) by an IMF normalization that increases from a Kroupa/Chabrier one at low masses, up to a Salpeter normalization for the more massive galaxies, implying a systematic variation of the IMF (e.g., Renzini & Ciotti 1993), or (ii) by an increase of the dark matter (DM) fraction as function of galaxy mass due to a non-universal DM halo profile (Padmanabhan et al. 2004; Cappellari et al. 2006; Grillo et al. 2009 ; Thomas et al. 2009; Tortora et al. 2009; Auger et al. 2010; Graves & Faber 2010; Schulz et al. 2010; Treu et al. 2010, hereafter T10; Barnabè et al. 2011; Dutton et al. 2012; Tortora et al. 2013 ). This method, based on the comparison between galaxy stellar masses computed from dynamical and stellar population synthesis models, is indeed subject to degeneracies in the dynamical modelling, which are related to the assumptions for the luminous and dark matter density profiles, and for the velocity dispersion anisotropy. However, the degeneracies can be reduced by additional constraints derived, for example, from gravitational lensing analysis or integral field spectroscopy observations. An example is given by the results of the SLACS group: T10 analysed 56 lens ETGs belonging to the SLACS sample by building dynamical models tuned to reproduce the SDSS-measured velocity dispersion σ * and the total projected mass within the Einstein radius. They adopted two-component spherical isotropic dynamical models with self-similar Hernquist (1990) profiles to describe the stellar density, and a NFW (Navarro et al. 1997 ) DM density distribution with fixed slope and scale radius. T10 found that bottom-heavy IMFs such as Salpeter are strongly preferred over light-weight IMFs such as Kroupa/Chabrier for the most massive ETGs, assuming standard NFW dark matter density profiles. This result was then strengthened by Auger et al. (2010) who included adiabatic contraction and weak-lensing constraints in the modelling, and found that only Salpeter-like IMF are consistent with the observed properties of their ETG sample. Note this is an effectively velocity dispersion selected sample, so that it is composed of high σ galaxies (see Section 2 and references therein).
Another remarkable example is the work of Cappellari et al. (2012 Cappellari et al. ( , 2013b on the volume-limited, nearly mass selected ATLAS 3D sample of 260 ETGs. They constructed detailed axisymmetric dynamical models, which allow for orbital anisotropy and reproduce in detail both the galaxy images and the high-quality integral-field stellar kinematics out to about one effective radius R e . Given the tighter constraints with respect to previous analogous studies, their models were well-suited to explore different DM density profiles, and they find that a non-universal IMF is always required under all halo assumptions, due to the low DM mass contribution within R e . Their study, based on an unprecedented large sample of ETGs spanning a wide range in galaxy mass, found a systematic trend in IMF normalization varying from Kroupa/Chabrier up to Salpeter or heavier for increasing velocity dispersion.
Finally other works, based on IMF-sensitive spectral features, that are completely independent of dynamical modelling assumptions, find a steepening IMF with increasing velocity dispersion and [Mg/Fe], with massive ETGs requiring bottom-heavy, dwarf-rich IMF (van Dokkum & Conroy 2010 Conroy & van Dokkum 2012; Spiniello et al. 2012 Spiniello et al. , 2014 Ferreras et al. 2013 ). Thus, there seems to be a systematic dependence of the IMF on galaxy properties, indicating that high mass ETGs prefer on average a Salpeter normalization, while low mass galaxies are consistent with a lighter normalization, similar to Kroupa or Chabrier. However, quantitative consistency between the dynamical and spectral synthesis approach has not been achieved yet (e.g. Smith 2014; McDermid et al, submitted) .
In this work we revisit the analysis of T10 in order to investigate the effects of a more detailed modelling of the stellar component. T10 spherical models indeed provide only a crude approximation to the observed galaxy surface brightness, which shows evidence for disks and it is known to vary systematically with galaxy mass (Caon et al. 1993) . To address this potential bias, here we construct models which allow for axisymmetry and can reproduce the observed galaxy surface brightness in detail, in an essentially non-parametric way. Moreover, differently from T10, our stellar population synthesis models are built via full spectrum fitting of SDSS spectra, and not by means of multicolour photometry. An approach closely related to the one illustrated in this work, was employed also by Barnabè et al. (2013) in their analysis of two SLACS ETGs, where they also exploited X-Shooter spatially-resolved kinematic data in order to put constraints on these systems' IMFs.
Finally, our analysis is similar to that performed by Cappellari et al. (2013b) , therefore this allows us also to combine the SLACS and the ATLAS 3D samples, obtaining a larger and homogeneously analysed sample of ETGs. Remarkably, due to their selection criteria the two samples are complementary, so that the combined sample is fairly representative of ETGs, extending from low to very high velocity dispersions (or stellar masses). Another attempt to compare similar previous works was made by Dutton et al. (2013a) , even though it is not as homogeneous as this.
We proceed as follows. In Section 2 we briefly summarize the sample and data, while in Section 3 we describe our dynamical and stellar population synthesis models. The main results are presented in Section 4, and Section 5 summarizes the conclusions. All magnitudes are in the AB photometric system, and a standard concordance cosmology is assumed, i.e. h = 0.7, Ω m = 0.3 and Ω Λ = 0.7.
SAMPLE AND DATA
The subsample of galaxies analysed in this work is extracted from the SLACS sample studied in T10. The SLACS sample is composed of massive ETGs, that were spectroscopically selected from the Sloan Digital Sky Survey (SDSS) database for being gravitational lenses . In particular, the SLACS sample consists of galaxies with very high σ for two main reasons: (i) the lensing cross section scales approximately with σ 4 , and (ii) the SDSS is a flux-limited sample, so that high-luminosity, and therefore high σ, galaxies are overrepresented because they are visible over a larger volume (Hyde & Bernardi 2009 ). Thus, the SLACS sample is effectively σ-selected Ruff et al. 2011) . Several studies have shown that the SLACS sample is indistinguishable from a σ-selected sample of non-lens ETGs Treu et al. 2006 Treu et al. , 2009 .
We selected our SLACS subsample by requiring the availability of HST photometry in the I-band, since it is expected to better trace the luminous mass, being less affected by the presence of dust. In this way, we obtained a subsample of 55 galaxies that span a redshift range of 0.06 z 0.36. Our data consist of HST/ACS/F814W images (Auger et al. 2009 ), and SDSS optical spectra taken from data release ten (DR10, Ahn et al. 2014) . SDSS spectra cover the wavelength range 3800 − 9200 Å, with a spectral resolution of ∼ 2.76 Å FWHM, which corresponds to an intrinsic dispersion σ int ∼ 85 km s −1 at 3800 Å and σ int ∼ 50 km s −1 at 9000 Å.
METHODS
In order to study the mass normalization of the IMF for our sample of 55 ETGs, we compare the stellar mass-to-light ratios M * /L determined from two different and independent diagnostics of galaxy stellar mass. The first method relies on gravitational lensing and stellar kinematics, it involves the construction of dynamical models, and so it is sensitive to galaxy mass structure and stellar dynamics assumptions (Sect. 3.1). Here we try to reduce the unavoidable degeneracies generating from the assumption of a particular stellar profile, by using a parametrization which allows for a large number of free parameters. This approach is able to reproduce the galaxy surface brightness images in detail, adding new parameters until the difference between the model and the image becomes negligible. The second approach is instead based on stellar population synthesis models, it assumes an IMF, and returns an estimate of M * /L by means of spectral fitting; the reliability of this method depends mostly on the goodness of the stellar templates (Sect. 3.2).
The dynamical modelling

The mass structure
The mass structure of our galaxy models consists of three components: an axisymmetric stellar distribution, a spherical DM halo, and a central supermassive black hole (BH). The stellar component is accurately modelled with the aid of I-band HST images on which we performed a multi gaussian expansion (MGE) axisymmetric parametrization (Emsellem et al. 1994 , see also Bendinelli 1991 Bendinelli et al. 1993 ) that fits the galaxy surface brightness distribution. In particular, we used the mge_fit_sectors software package of Cappellari (2002) 1 , where the MGE formalism and the fitting algorithm are fully described. Given the nature of our sample, the galaxy images are characterized by the presence of several gravitational arches or rings that we properly mask in order to obtain a better fit. We impose the surface brightness profile of the MGE model to decrease as R −4 at large radii, so as to limit the inclusion of spurious light from nearby galaxies. All the model gaussians are convolved with a gaussian point spread function with a dispersion of 0.04 arcsec, as befitting for ACS. We also use some prescriptions for the gaussians' axial ratio: in the limits of obtaining a good fit of the surface brightness, we force 1) the flattest gaussian to have the highest axial ratio, and 2) the gaussians' axial ratio range to be the smallest possible. In this way, we both avoid an artificial restriction of the range of the possible inclination angles for which the model can be deprojected (see Cappellari 2002 , Section 2.2.2), and we 'regularize' the model, preventing significant variations of the axial ratio, as physically plausible. These assumptions are needed because the deprojection, to obtain the intrinsic stellar luminosity density from the observed surface brightness, is mathematically non-unique (Rybicki 1987; Gerhard & Binney 1996) . Moreover, some of the galaxies have been observed only once so that we remove the presence of cosmic rays using the la_cosmic software of van Dokkum (2001) 2 . The model flux is corrected for foreground galactic extinction following Schlafly & Finkbeiner (2011) , as given by the NASA/IPAC Extragalactic Database (NED), and the apparent I-band magnitude m I is computed, assuming M I = 4.57 3 . Then, by means of SDSS spectra, we perform a k-correction following Hogg et al. (2002) , and we transform all observed magnitudes to consistent V and r-band rest-frame magnitudes, M V and M r respectively, assuming the redshift values reported in Table 1 . This correction was necessary due to the non-negligible redshift range spanned by the galaxies, and the choice of the photometric bands is motivated by the possibility to compare our results with the SLACS and ATLAS 3D ones, that have been obtained in these bands. Then, assuming M r = 4.64 (Blanton & Roweis 2007) , we normalized the model gaussians in units of L r pc −2 , so that now the MGE model has the right units and format to be used for the dynamical modelling (see Section 3.1.2). The MGE models for all the 55 galaxies are shown in Fig. 1 , Table 1 reports their magnitudes, and all their parameters are listed in Appendix A. As a sanity check, we compared our m I with the ones reported by Bolton et al. (2008) : their magnitudes were calculated, starting from the same data, by fitting two-dimensional ellipsoidal de Vaucouleurs (1948) luminosity profiles, and are the result of the full (not truncated) analytic integral of the best fitting de Vaucouleurs model. We find that the two sets of magnitudes agree with an rms scatter of 0.08 mag, but our m I are systematically higher by 0.18 mag, implying fluxes underestimated by 18 per cent. This is likely due to the fact that SLACS magnitudes are extrapolated to infinite radii, while ours are limited to the observed photons. Finally, in Fig. 2 we compared our M V with the magnitudes calculated by Auger et al. (2009) in the same band, and found they are consistent with an rms scatter of 0.07 mag, which implies an error of 5 per cent in the luminosity; we assume the same error also for M r .
For what concerns the DM halo density distribution, we adopt the NFW (Navarro et al. 1997 ) profile for two main reasons. The first is imposed by the few observational constraints at our disposal (see Section 3.1.3), which prevent us from exploring a more flexible DM halo profile, since the addition of further parameters to the models would make the problem completely undetermined. Thus, our results are valid under the assumption that the NFW profile is reliable in providing fair estimates for the DM fraction. The second reason is that one of the motivations of this study is to investigate the possible bias introduced by T10 with the use of spherical isotropic Hernquist models to describe the stellar components of the SLACS sample, that is apparently composed of non spherical galaxies (see Fig.1 ). Thus, in order to disentangle the effects produced by this approximation, we make use of the same DM density profile adopted by T10, that is the untruncated NFW profile Notes: (1) Galaxy name. (2) − (3) Galaxy redshift and SDSS-measured stellar velocity dispersion within the spectroscopic aperture of diameter 3 arcsec, both taken from T10, their Table 1 . (4) with fixed r h = 30 kpc. We then perform a one-dimensional MGE fit to Eq. (1) in order to recover the DM surface density in units of M pc −2 , and add the DM halo to the dynamical modelling (Sect.3.1.2).
Finally, we apply a similar procedure for the BH, parametrizing it with a single gaussian with a dispersion of 0.01 arcsec. The BH mass is chosen adopting the M BH − σ e relation of Gültekin et al. (2009) for elliptical galaxies, where, for each galaxy, σ e (i.e., the luminosity averaged stellar velocity dispersion within R e ) is computed starting from σ * (the SDSS-measured velocity dispersion, luminosity-averaged within a circular aperture of radius 1.5 arcsec) and using the conversion formula in eq. (1) of Cappellari et al. (2006) , thus accounting for aperture correction. 
The stellar kinematics
The model velocity fields are computed using the Jeans anisotropic MGE (JAM) modelling method of Cappellari (2008) , which can be applied to an axisymmetric stellar distribution, described by a three-integral distribution function. This method assumes a velocity ellipsoid aligned with the cylindrical coordinates (R, z, ϕ), and a constant vertical anisotropy parametrized by β z = 1 − σ 2 z /σ 2 R . For our models we fix β z = 0.2, which has been found to be representative of local ETGs (Cappellari et al. 2007 ). However, relaxing this assumption, and considering isotropic models (β z = 0) as done in T10, negligibly affects our results. Moreover, for simplicity we assume a spatially constant M * /L, even if recent studies found evidences for a IMF dependence on galactocentric distance (e.g., Martín-Navarro et al. 2014; Pastorello et al. 2014) . These evidences do not make our results invalid, since this assumption simply implies that our measured M * /L represents a mean value in the observed region (which typically has size r R e ), as already done by Cappellari et al. (2013b) . This does not exclude, for example, that the IMF might be universal in the outer disc components and vary only within bulges or spheroids (see e.g., Dutton et al. 2013b) .
The main ingredients of the dynamical modelling are the galaxy surface brightness in units of L pc −2 , and the galaxy surface density of the total mass distribution in units of M pc −2 . This last is the sum of the three components (stars, DM and BH) obtained as described in Sect. 3.1.1, where the stellar one is multiplied by a stellar massto-light ratio (M * /L) dyn that is the quantity we want to retrieve (as will be explained in Sect. 3.1.3). Then the only free parameters left are β z and the inclination angle i, whose values have to be provided or assumed. Indeed, once the MGE parametrization of the surface brightness profile is obtained, the MGE parametrization of the intrinsic light profile can be easily and analytically recovered for a choice of the inclination angle i. Here we adopt i = 60°, i.e., the average inclination for random orientations, and, whenever the axial ratio of the gaussians does not allow deprojection for this inclination, we adopt the minimum inclination permitted. Note that a significant error in the adopted value of i would produce errors smaller that 10 per cent on the retrieved mass-to-light ratio, if the observed axial ratio is q < 0.7 (see Cappellari et al. 2006 Fig. 4 for a detailed discussion). Given these inputs, with the JAM 1 method we are able to directly compute the projected second velocity moment along the line-of-sight (LOS) V rms , with a single numerical quadrature. Finally, in order to compare V rms with σ * , we convolve it with a gaussian PSF with a FWHM of 1.5 arcsec, as typical for SDSS observations, and then we compute a luminosity-weighted average inside the 3 arcsec diameter SDSS fiber.
Inferring the parameters of the dynamical models
For each galaxy in the sample we built a set of galaxy models, whose mass structure and kinematical configuration have been already described in Sec. 3.1.1 and 3.1.2, respectively. We then use two observationally derived quantities to constrain the best model: the SDSS-measured aperture stellar velocity dispersion σ * , provided by the SDSS database, and the total projected mass M EIN enclosed within the Einstein ring of radius R EIN , calculated by Auger et al. (2009) . These quantities are reproduced in Table 1 with their errors; for M EIN we adopt an error of 5 per cent.
Within a set, the models have the same values for (M BH , i, β z ), and they differ only in the mass normalization of the two main components: the stellar population and the DM halo. In practice, we choose a sufficiently wide range within which the r-band stellar mass-to-light ratio (M * /L) dyn is allowed to vary, and we multiply the MGE model surface density by (M * /L) dyn ; in this way we convert the MGE model into a mass density. Analogously, we choose a range for the DM mass normalization by using the parameter f DM , i.e., the DM fraction within a sphere of radius equal to one effective radius R e ; obviously 0 f DM 1. We then build a model for each couple of values ((M * /L) dyn , f DM ), and we choose the best-fitting model by means of chi-squared minimization on the two observables (σ * , M EIN ). The chi-square maps for the whole sample (Fig. 3) show some degeneracy between f DM and (M * /L) dyn . In general, the DM fraction is very low ( f DM 0.4) and for nearly half of the sample it tends to zero, probably due to systematics. Few galaxies are indeed scarcely reproduced by the NFW profile here adopted, probably due to systematic errors associated to σ * , or to difficulties in the retrieval of the MGE parametrization because of strong lens disturbances, or to the lensing analysis. Table 2 shows the best-fitting (M * /L) dyn and f DM , and reports the associated typical errors. These are the median values of the 1σ errors, computed projecting the white areas in Fig. 3 in the allowed region of the parameters.
Isotropic models (not shown here) result overall in lower f DM and higher (M * /L) dyn , which do not affect any of our results. The dynamical contribution of the BH is irrelevant, since removing it from the modelling results in a negligible increase of (M * /L) dyn : the percentage variation has a median value of 1 per cent for the whole sample, and is always smaller than 7 per cent.
Finally, we also built another set of dynamical models where the total mass distribution follows that of the light (mass-followslight models). These are less sophisticated dynamical models that are constrained only using σ * , and whose best-fitting mass-to-light ratios are reported in Table 2 as (M/L) MFL . The associated typical error is reported in Table 2 . It is computed propagating the errors in σ * and in the JAM modelling (6 per cent, as evaluated in Cappellari et al. 2006 from a wider exploration of dynamical modelling approaches), and adopting the median value for all the galaxies. Table 2 . Mass-to-light ratios and f DM of the models for the 55 galaxy SLACS subsample 1 Figure 3 . ∆χ 2 contour maps obtained from the dynamical models, as a function of the DM fraction f DM (vertical axis) and r-band stellar mass-to light ratio (M * /L) dyn (horizontal axis). The red cross locates the minimum chi-square value. The 1, 2, 3 σ confidence levels for 1 degree of freedom (∆χ 2 = 1, 4, 9) are shown in white, dark blue and light blue, respectively. 
The stellar population synthesis modelling
Our stellar population synthesis models are performed applying a full-spectrum fitting approach to SDSS spectra, and using a selection of the simple stellar population (SSP) models of For each galaxy then, the spectral fitting is allowed to use only SSPs with age not greater than the age of the Universe at the galaxy redshift, reducing the number of SSP templates to N < 156. The full-spectrum fitting is performed with the ppxf software 1 , which implements the Penalized Pixel-Fitting method of Cappellari & Emsellem (2004) , and, for each galaxy, returns the best fitting matrix of weights w (to be multiplied by the SSP templates). Then, the stellar mass-to-light ratio in the r-band associated to the population model is
where M nogas j and L j, r are the stellar mass (including neutron stars and black holes, but excluding the gas lost by the stars during stellar evolution) and the r-band luminosity of the j-th SSP, respectively. In general, for these un-regularized fits, we find that N 5, and in most of the cases N = 2 with the older and more metal rich SSP having w 1.
The spectral fitting has been performed also using the ppxf keyword REGUL: in this way the fitting procedure is forced to apply a linear regularization to the weights (see equation 18.5.10 of Press et al. 1992) , obtaining a smoother solution than the unregularized fit. The regularized solution is as statistically good as the unregularized one, being still consistent with the observations, but it is more physically plausible and representative of the galaxy population since it reduces the scatter in the retrieved population parameters (i.e., age and metallicity) of the solution. The regularized (M * /L) Salp slightly underestimate the unregularized ones by 0.02 dex, with an rms scatter of 0.014 dex; this would imply errors of 7 per cent in the individual (M * /L) Salp . Finally we find that our results are robust against plausible variations of the REGUL parameter, so that here we present the results obtained with the regularized solutions. In both fits we make use of a 10-th degree multiplicative Legendre polynomial to correct the continuum shape for calibration effects and account for possible intrinsic dust absorption. The best-fitting (M * /L) Salp are reported in Table 2 for each galaxy.
RESULTS
Here we present our main results regarding the mass-to-light ratios we derived and their correlation with the stellar velocity dispersion (M/L − σ relation), and we focus mostly on the implications concerning the IMF normalization.
Mass-follows-light models
We recall that these models have a total mass profile that follows that of the light, and are tuned to reproduce only the galaxy surface brightness and the SDSS-measured aperture velocity dispersion. Figure 4 shows the mass-to-light ratios (M/L) MFL we derived for these dynamical models as a function of σ e , and the black line is the M/L − σ e relation we obtained for the SLACS sample. The relation is of the form log(M/L) r = (1.24 ± 0.14) × log σ e 200 km s
and has an rms scatter of 0.08 dex. The best-fitting relation has been obtained using the lts_linefit routine 1 of Cappellari et al. (2013b) , which allows and fits for intrinsic scatter, and robustly manages the presence of outliers. In the fit we consider a typical error of 6 per cent for σ e , and we quadratically co-added JAM modelling errors of 14 per cent, plus distance errors, plus 5 per cent errors for our photometry. When compared with previous similar estimates for different samples of ETGs, local and not (e.g., Cappellari et al. 2006; van der Marel & van Dokkum 2007; Cappellari et al. 2013b ), our relation is slightly steeper. For example, analogous mass-followslight models have been built also for the ATLAS 3D (Cappellari et al. 2013b ) and SAURON samples (Cappellari et al. 2006) , leading to M/L − σ e relations shallower than our, and with higher zero-points (e.g., see the magenta line in Fig. 4) . The ATLAS 3D sample consists of local galaxies, while the SLACS galaxies reside at higher redshifts (the median redshift for the SLACS sample is z 0.2), so that their stellar populations are younger on average, resulting in lower stellar 
SLACS this work (z~0.2) ATLAS 3D (z~0) Figure 4 . r-band mass-to-light ratios of the mass-follows-light dynamical models for the SLACS sample, as a function of σ e , and their best-fitting relation (black line). The magenta line is the best-fitting relation for the ATLAS 3D sample (Cappellari et al. 2013b) . The values of σ e are computed as described at the end of Sect. 3.1.1. Our best-fitting relation is obtained with lts_linefit, and the dotted lines mark the 3σ bands (enclosing 99.7% of the values for a Gaussian distribution). Outliers deviating more than 3σ from the best-fitting relation were automatically excluded from the fit (i.e., points beyond the dotted lines).
mass-to-light ratios. Indeed the offset between the two samples can be accounted just by considering passive evolution. For reference, a solar metallicity ([Z/H] = 0) passively evolving stellar population varies its M/L r by ∼ 0.10 dex from an age of 11 Gyr to 14 Gyr (z ∼ 0.2 to z = 0, assuming it formed at z form = ∞), according to the models of Maraston (2005) . This value provides a lower limit to the expected passive M/L r variation we should observe. A possible explanation for the steeper slope, instead, could be provided by indications that the M/L − σ e relation might steepen at the high σ e end (Zaritsky et al. 2006) . In fact, the SLACS sample consists mostly of high velocity dispersion galaxies (200 km s −1 σ e 400 km s −1 ) due to its selection criteria, while for example the volume limited ATLAS 3D sample extends from high-intermediate σ e galaxies to very low σ e systems (50 km s The scatter is significant compared to the typical error, and reveals that some galaxies are actually more properly represented by a lighter or a heavier IMF normalization. This suggests a variation of the IMF for ETGs, that seems also to correlate with the galaxy velocity dispersion, with low-σ e galaxies being consistent with a Chabrier or Kroupa-like IMF, while medium and high-σ e galaxies agree with a Salpeter or heavier IMF. Note that our results are equally consistent with both a bottom heavy and top heavy IMF trend (as considered by Weidner et al. 2013) , since the approach we use does not constrain the shape of the IMF directly, but only the overall mass normalization. In Fig. 5 each galaxy is coloured according to its LOESS-smoothed value of σ e , as done in Cappellari et al. (2013a) (their fig. 11 ). Applying the LOESS 1 method (Cleveland 1979) , we evaluated mean values of σ e that are the result of an average over the neighbouring galaxies, weighted with the relative distances. In this way, one aims to reconstruct the average values characterizing the underlying galaxy population, i.e., the values one should expect to obtain when disposing of much larger galaxy samples. Another way of seeing this variation is by looking at the IMF mismatch parameter Figure 6 shows the . IMF mismatch parameter α as a function of σ * for the SLACS sample. Red points are taken from T10, as well as their best-fitting relation represented by the red line. Black points refer to the values computed in this work. The black line is our best-fitting relation obtained with lts_linefit, and the dotted lines mark the 3σ bands (enclosing 99.7% of the values for a Gaussian distribution). Outliers deviating more than 3σ from the best-fitting relation were automatically excluded from the fit (i.e., points beyond the dotted lines). The value of the linear correlation coefficient r is also reported. Representative error bars are shown at the top-right: for the data of T10 we compute the median error.
logarithm of α as a function of σ * , as already done in T10 (see their fig. 4, central panel) . Here, the red points refer to the values obtained by T10, while our results are shown in black, and the solid lines are the respective best-fitting relations. Note that the dynamical models of T10 consist of spherical isotropic models, with a stellar component following a Hernquist (1990) profile. Moreover their stellar population synthesis models were built using multicolour HST photometry, while ours are based on full-spectrum fitting. Regardless of the very different approaches adopted, we find that the two works produce essentially the same result pointing toward an IMF variation, with high-σ * galaxies being consistent on average with a Salpeter normalization. Our relation is
with an rms scatter of 0.1 dex; in the fit we consider a median error of 6 per cent for σ * , and we quadratically co-added the dynamical modelling errors of 28 per cent, plus distance errors, plus population models errors of 7 per cent, plus 5 per cent errors for our photometry. Our relation is very similar to that reported in T10. However, inspecting Fig. 6 a difference must be noted: our dynamical modelling produces a weaker correlation, in the sense that our points are more scattered in the (log α, σ * ) plane with respect to T10 points. This is reasonably due to the use of a more flexible parametrization of the light profiles. Indeed, given its nature, the SLACS sample is likely to include also compact galaxies, and using a density profile with a fixed internal slope (like the Hernquist profile) to fit all the galaxies might artificially produce some correlation, by overestimating the stellar mass in the high-σ e compact galaxies. Figure 7 illustrates the type of galaxies that are in the σ-selected SLACS sample (stars), compared to the volume-selected ATLAS 3D sample (circles): it can be noticed that they are quite massive and dense, since they fill the lower envelope of the galaxy distribution in the (R maj e , M JAM ) at the high mass end (i.e., with the smaller R maj e for M JAM > 10 11 M ). Finally, the analysis we conducted on the SLACS sample is analogous to the one performed on the ATLAS 3D sample, both in terms of the dynamical and stellar population approach. This allows us to directly compare the respective results, and merge the two samples homogeneously analysed to infer some global insights on the IMF of ETGs. Fig. 8 shows the IMF mismatch parameter as a function of σ e for the two samples (i.e., SLACS in black and ATLAS 3D in magenta). Here, notwithstanding the heterogeneity of the samples in terms of selection criteria, galaxy redshift and mass range, one can immediately appreciate how the black points seem to follow the same relation of the magenta points, but extending to higher σ e values. Indeed, the magenta solid line, representing the best-fitting relation for the ATLAS 3D sample, is only slightly shallower that the blue solid line, obtained by fitting both samples together; in particular, we find for the whole sample SLACS + ATLAS 3D log α = (0.38 ± 0.04) × log σ e 200 km s
with an rms scatter of 0.12 dex. The similarity of the two best-fitting relations is even more remarkable when comparing them with the steeper relation we find for the SLACS sample alone (Eq. 4). Note that the steepness of the slope in Eq. 4 is not due to the fact that α is fitted as a function of σ * instead of σ e , since we find a very similar result also for σ e (slightly steeper). This shows that the slope of the α − σ e relation is very sensitive to the σ e range, with a considerable increase for σ e 250 km s −1 , and suggests that the relation is not a simple single power law. In this scenario, the steepness of the α − σ e correlation, found by T10 and confirmed here, for the ETGs of the SLACS sample is a natural consequence of the velocity dispersion selection nature of the SLACS sample. We then try to fit a parabola to the whole sample SLACS + ATLAS 3D , obtaining log α =(0.40 ± 0.15) × log σ e 200 km s 
with an rms scatter of 0.12 dex. Thus, by homogeneously studying ETGs collected over a very wide and unprecedented range of σ e and M * , we have provided a comprehensive insight about the IMF normalizaton for this morphological type of galaxies, showing that the IMF gets heavier for increasing σ e , and becomes Salpeter-like at σ e 250 km s −1 . The issue of the IMF variability for the ATLAS 3D sample has also been studied by Tortora et al. (2014) within the MOND framework, obtaining results consistent with the ones from Newtonian dynamics plus DM.
DISCUSSION AND CONCLUSIONS
In this work we studied the mass normalization of the IMF of ETGs, exploiting information derived from gravitational lensing, stellar dynamics and stellar population synthesis models, and making use of high-quality photometric and spectroscopic data. We selected 55 ETGs belonging to the SLACS sample and constructed dynamical and stellar population synthesis models for each galaxy. Our dynamical models are built solving the Jeans axisymmetric anisotropic equations with the JAM method of Cappellari (2008) ; they reproduce in detail the HST galaxy images and are constrained using the SDSS-measured velocity dispersion and the mass within the Einstein radius. Our stellar population synthesis models are computed with the full-spectrum fitting technique and are based on the SSP models of Vazdekis et al. (2010) . We derived accurate estimates of stellar mass-to-light ratios from the two sets of models, (M * /L) dyn and (M * /L) Salp respectively.
From the comparison of the two estimates of stellar massto-light ratios, we find a trend of IMF with velocity dispersion, where, on average, the IMF normalization smoothly varies from Kroupa/Chabrier for galaxies with σ e ∼ 90 km s −1 , up to a bottomheavy Salpeter-like IMF for galaxies with σ e ∼ 270 km s −1 (Fig. 5 ). This change of IMF normalization as a function of σ e is significant beyond the extent of the error estimates in the stellar the mass-tolight ratios, and thus suggests an intrinsic systematic variation of the stellar IMF for ETGs.
With our accurate and realistic modelling of the stellar profiles, our analysis provides an improvement over the study of T10, conducted on the same ETG sample. Notwithstanding the different and independent approaches adopted, we confirm their finding of a steep correlation between the IMF mismatch parameter α = (M * /L) dyn /(M * /L) Salp and the galaxy velocity dispersion (Fig. 6) ; however our relation has a slightly lower correlation coefficient, presumably due to relaxing the restrictive assumption of a fixed stellar density profile to fit the whole galaxy sample.
We also built mass-follows-light dynamical models and computed total mass-to-light ratios (M/L) MFL for them. We find a (M/L) MFL − σ e correlation steeper than previous analogous estimates for different local ETG samples (e.g., the (M/L) MFL − σ e relation for the 260 ETGs ATLAS 3D sample), and with a lower zeropoint (Fig. 4) . The SLACS sample resides at higher redshift and is likely to include galaxies with younger stellar populations; indeed the offset in the zero-points can be accounted for by passive evolution between z ∼ 0.2 and z = 0. The different slope instead could be an effect of the different σ e range spanned by the samples, in accordance with Zaritsky et al. (2006) that suggests a steepening this relation as a function of σ e . Note that the slope of the (M/L) MFL −σ e relation gives an upper limit to any systematic increase of the IMF mass normalization with σ e .
Finally, as an important outcome of analysing the SLACS galaxies with a procedure that is homogeneous with that adopted for the ATLAS 3D galaxies (Cappellari et al. 2013a ), we could merge the two samples. In this way, we explored the behaviour of ETGs in the α − σ e plane with the largest sample ever, where ETGs of all σ e values from 50 km s −1 to ∼ 350 km s −1 are well represented. We found that the volume-limited ATLAS 3D sample and the velocity dispersion selected SLACS galaxies smoothly merge in a unique shallower relation in the (α, σ e ) plane (Fig. 8) . From this comprehensive analysis, we find that the α − σ e relation might not be linear, and that the slope inferred depends on the range of σ e covered by the galaxies. This is significantly different for the ATLAS 3D (volume seected) and SLACS sample (velocity dispersion selected). Notes: Column 1: Logarithm of the Gaussian amplitude. Column 2: Logarithm of the Gaussian width. Column 3: Axial ratio of the Gaussian.
